Atmospheric dispersion models can be used to assess the likely airborne spread of both plant and animal diseases. These models, often initially developed for other purposes, can be adapted and used to study past outbreaks of disease as well as operationally to provide advice to those responsible for containing or eradicating disease in the event of a specific emergency. The models can be run over short periods of time where emissions and infection periods can be accurately determined or in situations requiring a statistical approach perhaps covering many weeks or even months. They can also be embedded within other simulation models, i.e. models which seek to represent a wider variety of disease transmission mechanisms. Whilst atmospheric dispersion models have been used successfully in a number of instances, they have the potential for wider application in the future. To achieve maximum success in these ventures, close collaboration between the modellers and scientists from the appropriate range of disciplines is required.
Introduction
Wind and turbulence are important factors governing the transport of particles released into the atmosphere. Atmospheric dispersion models (ADMs) describe this process in mathematical terms and estimate the downwind concentrations of air pollutants from sources as diverse as nuclear power plant accidents, chemical releases, volcanic eruptions or routine industrial pollutants. The models vary in complexity, can work on scales from tens of metres to many thousands of kilometres and run in real time or retrospectively.
Atmospheric dispersion models are not new and publications describing their use can be traced back at least as far as the 1930s, when the spread of smoke and gases was modelled by Bosanquet and Pearson (4) . Sir Graham Sutton (30, 31) derived an air pollutant plume dispersion equation in 1947 which included the assumption of Gaussian distribution for the vertical and crosswind dispersion and the effect of ground reflection of the plume. However, it was not until the years following the nuclear accident at Chernobyl, Ukraine, on 26 April 1986 that significant development in the formulation of ADMs took place and their use became more widespread. Whilst much of the development work has focused on the requirement to provide governments with an emergency response capability, those involved in human, plant and animal disease control have taken the opportunity to adapt the models to answer questions concerning airborne transmission of disease.
The association between the weather and the spread of plant and animal disease has long been recognised and documented. For example, Pedgley (24) described many instances where pollens, insects and pathogens have been carried by the wind over distances up to many hundreds or thousands of kilometres. Further examples were given by a number of authors at a conference organised by the Royal Society (25) . Initially, workers seeking to reconstruct air movements produced detailed air trajectories at a range of heights in the atmosphere by hand, using synoptic weather charts. During the 1980s the first attempts were made to understand and forecast the spread of foot and mouth disease (FMD) virus by solving the Gaussian plume equation on a computer (3). Since then, ADMs have developed significantly in formulation, range of operation and number of pathogens studied. For example, computerbased ADMs can now include downwind concentrations of the pathogens concerned, detailed air trajectory analysis at various heights in the atmosphere, and decay, washout and dry deposition of virus particles. Atmospheric dispersion models have been used by a number of authors to model a range of situations, including the Sverdlovsk anthrax outbreak of 1979 (20) , odour impact (17) , and the spread of Legionnaires disease (22) , Newcastle disease (9), Aujeszky' s disease (5), bluetongue (16, 18) and moth crop pests (6) .
This introductory review describes the basic components of ADMs and gives two examples of where they are currently being used for modelling airborne disease transmission. Readers who wish to study dispersion modelling in more depth are referred to Pasquill & Smith (23) or Arya (2).
Description of models
There are three main aspects in the use of ADMs: the specifications of input parameters, the dispersion model itself, and the selection of model output data, and each of these is described in more detail below.
Input parameters
The choice of appropriate model inputs is an important issue, and careful consideration must be given to this aspect of the process to ensure accuracy in the output. There are two distinct types of model input. The first relates to the selection of internal model parameters such as the model grid size and extent of the modelling domain, any known decay and deposition parameters, and the frequency of calculation. Additionally, it is necessary to consider whether small-scale topography is likely to significantly influence the downwind carriage of the pathogen.
The second input category includes external variables, such as the amount of contaminant released, the timing of release and the weather conditions, which need to be estimated and which often vary during the model run. The location and height of the pathogen release, and the geometry over which the release occurs (from a point, along a line or over an area) may be known or otherwise need to be estimated in some way. An estimate of the quantity and timing of the release from the source is also required. This is expressed either as a release at a particular instant in time, over a short period or as an average release over a longer period such as 24 h. The source strength can be taken from measurements made at the source (if available) or from a combination of source/laboratory/ published data. In some instances, the timing of release is easily quantifiable, but in many instances this has to be assumed to take place at a steady rate throughout a fixed period. Whilst this parameter may be hard to define, the better the estimate, the greater the chance of determining where and in what concentrations the agent has been carried in the wind; this is especially the case if the meteorological conditions change significantly with time.
Meteorological data representative of the atmospheric conditions at the site of release and in the downwind area are needed. The models require information on a variety of parameters, such as wind direction and speed, temperature, humidity, precipitation and cloud amount and type. There are two main sources for this information: i) observations made by an observer or, more commonly, produced by an automatic weather station, or ii) data obtained from numerical weather prediction (NWP) models, which are run operationally in many countries for use by weather forecasters.
The selection of representative meteorological data is critical, but often not a straightforward task. For example, weather observations are unlikely to be available at the source location itself. Even if they are, how representative are these surface observations of conditions even a few kilometres downwind or of atmospheric conditions at higher altitudes? Given that in most instances the nearest observing station will be many kilometres away, care must be taken when interpreting ADM output based on this data. The problem is made more complex if there are significant topographical, coastal or urban influences in the vicinity of the source or observing site.
If using a NWP model, data from a wide range of meteorological observations, including observations from weather stations on the ground, weather balloons, satellites and other remote sensing platforms, are assimilated into a single description of the atmosphere at a number of discrete grid points in the horizontal and vertical dimensions. The spatial resolution of these grid points varies considerably and is typically of the order of tens of kilometres, although higher resolution data of a few kilometres is becoming increasingly available. The gridded data seek to capture the spatial and temporal variations of the general flow conditions within the model domain and are likely to be of particular benefit when modelling longdistance transport of pollutants. However, as with direct observations, the information may not be sufficiently detailed to describe conditions at the release point, in a variety of formats, but often it is graphically presented using a geographic information system.
Examples of using atmospheric dispersion models

Airborne spread of foot and mouth disease virus
Foot and mouth disease is a highly infectious vesicular disease of cloven-hoofed animals caused by FMD virus. It spreads by direct contact between animals, by animal products (milk, meat and semen), by mechanical transfer on people or fomites and by the airborne route, with the relative importance of each mechanism depending on the particular outbreak characteristics. Two ADMs were used to provide real-time advice to the UK Government during and after the 2001 outbreak of FMD in the UK (12, 13, 21) . Both models indicated that carriage of virus by the wind was consistent with the observed transmission from infected pigs at Heddon-on-the-Wall, Northumberland, to a number of other farms where disease was subsequently confirmed.
In 2008, modellers from six countries (Australia, Denmark, Canada, New Zealand, the UK and the United States) met and compared their real-time operational models. Full details of the models used and the findings from the inter-comparison project are given by Gloster et al. (15) . In summary, each modeller was provided with data relating to the 1967 outbreak of FMD in Hampshire, UK, and asked to predict the spread of FMD virus by the 459 Rev. sci. tech. Off. int. Epiz., 30 (2) especially if the location is in an area of complex topography.
Model
A variety of techniques has been developed to model the transport and dispersion of airborne pollutants. These models can vary considerably in their complexity. They might simply aim to consider the basic physical processes that influence the dispersion of a generic pollutant, but alternatively they might also include complex processes relevant to specific applications (e.g. radiological decay, chemical reactions or biological processes).
Atmospheric dispersion models can be classified in a variety of different ways, e.g. by their methodology, their scale of applicability or by application. For instance, early ADMs adopted a simple Gaussian plume approach to calculate downwind concentrations from a source, while modern advanced plume models use more complex formulations. Some models adopt a Lagrangian approach, in which individual model 'particles' are tracked within the flow, while yet others aim to solve the advection-diffusion equation explicitly on a grid structure (the Eulerian approach).
The distinction can also be drawn between short-range modelling, in which the large-scale meteorology is assumed to be uniform locally, and long-range modelling, in which spatial changes in the meteorology are assumed to influence the dispersion behaviour of the plume. In this way, plumes tend to be modelled as coherent structures near to their source but become increasingly distorted and complex as they evolve with time. Readers should note that even when using local meteorology, such as an observation from a nearby weather station, some advanced flow modelling options might be available within the dispersion model to account for effects such as flow channelling by the local terrain or sea breeze influences in coastal regions.
Model output
The output fields from ADMs are typically low-level estimates of concentration (e.g. average or maximum hourly/daily values), or a summation of accumulated concentration (e.g. total concentration integrated over a relevant time period). Where it is important to estimate the dosage of particles inhaled by a particular group of animals, their breathing rate and lung capacity must be included in separate calculations.
Additionally, concentration time series at a specific location can often be useful model output for interpreting events, together with individual particle trajectories as a function of time and initial position. Model output can be provided airborne route. In general, all the models predicted similar locations for livestock at risk, with minor differences strongly related to variations in the meteorological data used.
An example of an FMD virus model output is given in Figure 1 . The output is from a training exercise run in New Zealand using the New Zealand Plume Dispersion Emergency Modelling System. The area of greatest risk to airborne infection can clearly be seen to the north-east of the source premises.
As has been stated earlier, airborne transmission is only one of the mechanisms by which FMD virus can be transmitted from animal to animal and from one location to another. For example, in the 2001 UK epidemic much of the disease spread, after the initial airborne dissemination of the virus from a pig farm, has been attributed to movement around the UK of infected sheep (8, 32) . In contrast, the start of the 1967/8 outbreak is consistent with airborne virus playing a more significant part in dissemination of virus. Gloster et al. (14) retrospectively used an ADM to model the early stages of the epidemic. They confirmed the findings made at the time, using basic meteorological observational data, that airborne virus was the most likely cause of the rapid early spread of the disease as far as 60 km from the source (1, 19, 34) . Clearly, given a new outbreak of disease, it is important to identify quickly the potential role being played by each of the mechanisms for disease transmission. To try and estimate this, together with the implications of various control methods, a number of models have been developed; some of these include a module for airborne transmission. Some of the models include a parameterised airborne dispersion module and others include a simplified ADM (26) .
Airborne spread of bluetongue
Bluetongue (BT) virus is transmitted between ruminants by Culicoides biting midges, which are carried in the wind from an infected to a healthy animal (28) . At the commencement of the outbreak in 2006, the Department for Environment Food and Rural Affairs (Defra) in the UK sought guidance from the national weather service (the Met Office) and the Institute for Animal Health, Pirbright, concerning the risk of BTinfected midges being carried in the wind from the European near continent. The Met Office' s dispersion model, Numerical Atmospheric-dispersion Modelling Environment (NAME), was run to estimate this risk. In the first instance it was assumed that a fixed number of infected midges became active around dusk each evening and their path and downwind concentrations were calculated during the overnight period. In 2007 the model was enhanced to include what was known from laboratory and field experiments about the behaviour of the midges in response to temperature, wind speed, precipitation and relative humidity. Subsequently, a web-based early warning system for midge transport across the English Channel was developed and information provided to Defra on a daily basis (16) . NAME identified the most likely night during which BT-infected midges were carried in the wind from the European near continent to the UK (11) . An example output from the web-based service is given in Figure 2 . The plumes from six release sites of bluetongue-infected midges can be easily identified, but the atmospheric conditions from a source in Denmark show that weather conditions were unfavourable for long-distance carriage of midges
Verification and validation
Verification and validation of all types of models are required before they can be relied upon to provide quality advice to their customers. As ADMs are in many cases primarily developed for purposes other than assessing the spread of disease, they may already have been evaluated before being adapted for animal disease spread (33) . These tests can reassure users that the basic ADM is sound and leave them free to concentrate on ensuring that the inputs, outputs and any model interfaces are produced to the same high standard.
Conclusions
Atmospheric dispersion models have been shown to provide a useful tool for both those trying to establish the relationship between a specific disease and the atmospheric conditions and those who are required to control and eliminate disease in the event of a specific outbreak. To date, they have been used to some good effect but the authors are of the view that they have the potential for much wider use in the future. For example, Pedgley (24) identified a range of pollens, insects and pathogens which, when combined with the right meteorological conditions, result in the transmission of diseases over distances ranging from several kilometres to hundreds and possibly thousands of kilometres. Those involved in research in these areas should actively consider working in partnership with meteorologists and atmospheric dispersion modellers to better understand the transmission of these substances.
Atmospheric dispersion models may be constructed very well in terms of the internal formulation of atmospheric physics, but if the quality of the input data is not sufficient the outputs will not be reliable. This information can only be provided through a thorough understanding of the pathogen or particles involved. It is recognised that gaining this understanding may prove time-consuming and often costly, but it is likely to be fundamental to being able to predict future events. The provision of representative meteorological data is also of vital importance. If carriage of the pathogens is over tens of kilometres or more then the current resolution of numerical weather data is sufficient. However, if spread in the wind is limited to shorter distances than this, perhaps from one field or farm to another, or if complex terrain is involved, then the question of meteorological input may be more of an issue. On a more positive note, however, there are continual improvements in the resolution and quality of NWP models, and in their ability to provide representative meteorological data for dispersion applications. Highresolution data, of the order of hundreds of metres, is likely to become available for operational use, at least in some locations, within the next few years. Alternatively, careful deployment of meteorological instrumentation, to provide local measurements of the weather, may prove helpful for modelling disease spread over short ranges. 
Mots-clés
Resumen
Los modelos de dispersión atmosférica pueden servir para determinar la diseminación por vía aérea más probable de enfermedades tanto vegetales como animales. Estos modelos, a menudo concebidos con otros fines, pueden ser adaptados y utilizados para estudiar brotes pasados de una enfermedad y también, de manera más práctica, para asesorar a los responsables de contener o erradicar una enfermedad ante determinadas emergencias sanitarias. Es posible aplicar los modelos durante breves lapsos de tiempo, cuando se pueden determinar con exactitud los periodos de emisión e infección, o en situaciones que exigen un tratamiento estadístico que quizá abarque muchas semanas o incluso meses. También es posible integrarlos en otros modelos de simulación destinados a representar diversos mecanismos de transmisión de enfermedades. Aunque en ciertos casos los modelos de dispersión atmosférica han deparado buenos resultados, de cara al futuro pueden ofrecer muchas más aplicaciones. Para obtener de esta empresa los mejores frutos se requiere una estrecha colaboración entre conceptores de modelos y científicos de diversas disciplinas ligadas al tema.
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